A de novo 1.2 Mb-4q25 proximal microdeletion encompassing the genes COL25A1 and ELOVL6 has been reported once in a 20-year-old woman. She had dysmorphic features and a complex behavioral phenotype, as described in table 1 [Verhoeven et al., 2013] . Through genotype-phenotype correlation, COL25A1 and EGF were proposed as candidate genes responsible for her unique phenotype [Verhoeven et al., 2013] . Prior to that publication, 4q25 microdeletion syndrome was mostly associated with Axenfeld-Rieger syndrome, with 95% of the affected patients having mutations or deletions involving the PITX2 gene or related upstream regulatory genes, often in a haploinsufficient manner [Amendt et al., 2000; Becker et al., 2003] . Here, we report on 2 additional patients (a child and his mother) having a smaller, but overlapping deletion characterized by a common behavioral and physical phenotype. The 3 patients combined suggest the existence of a novel 4q25 proximal deletion syndrome.
Starting at 12 months of age, he had a steady decline in growth from the 50th percentile in weight and length to current percentiles. Concerns for developmental delay and behavior difficulties started at 18 months. Developmental-behavioral assessment revealed delays in multiple realms of development as well as a complex pattern of behavioral difficulties, as described in table 1 . He did not meet criteria for a diagnosis of autism spectrum disorder. On physical assessment, he was normocephalic (50th percentile), but height and weight were below the 3rd percentile. Other physical examination findings and medical studies (including laboratory evaluation for poor growth) are presented in figure 1 and table 1 . Verhoeven et al., 2013 Proband Parent
Deletion positions in chromosome 4q25 110,101,176 -111,337,864 (hg19) 109,762,498 -110,803,661 (hg19) 109,762,498 -110,803,661 (hg19) His mother's medical history included term birth, asthma, decreased visual acuity requiring glasses, and tonsillectomy with adenoidectomy. She had a history of speech delay and an unspecified learning disability. Her physical examination included normal weight and head circumference (both 50-90th percentile), but short stature (<5th percentile). Other physical and behavioral phenotypic features are noted in figure 1 and table 1 . The father's medical history was not available.
Methods and Results
An array comparative genome hybridization (aCGH) using Agilent 4-Sureplex array (Agilent, Santa Clara, Calif., USA) performed on our patient revealed an isolated copy number variation, consisting of an interstitial deletion: arr[hg19] 4q25 (109, 762, 803, 661) ×1. This abnormality is characterized by a copy loss of 25 oligonucleotide probes in the region of 4q25 ( fig. 2 ). It is a minimum size of 1.04 Mb and a maximum size of 1.14 Mb due to gaps in the regions represented on the microarray. Fluorescence in situ hybridization (FISH) of RP11-2091M15 (Empire Genomic, N.Y., USA) (204 kb, 100% within region of interest) and specific fluorescent-labeled centromere chromosome 4 probes (CEP4) (Abbott Molecular, Des Plains, IlI., USA) performed on the proband and his mother showed 1 signal of RP11 and 2 signals of CEP4 ( fig. 3 ) , confirming the deletion in the proband and identifying its origin as maternally inherited: ish del(4)(q25q25)(D4Z1+, RP11-1091M15-)mat. A full maternal aCGH was not completed, given the confirmation of inheritance via FISH.
The deletion encompasses the following protein-coding (OMIM) genes: COL25A1 , SEC24B , CASP6 , PLA2G12A , CFI , GAR1 , RRH , and LRIT3. The proximal breakpoint junction falls within COL25A1 (reversed gene) in the intron (32/37); therefore, it is partially deleted, whereas exons 31-1 are completely deleted. The distal breakpoint does not fall within a gene. The deletion is 675 kb proximal to PITX2, the gene associated with AxenfeldRieger syndrome [Amendt et al., 2000] . 
Discussion
Our patient has a 1.2-Mb 4q25 proximal deletion near the PITX2 gene, yet he is without phenotypic features of Axenfeld-Rieger syndrome. Given this is an isolated copy number variation in our patient, it is the most probable candidate for the complex phenotype observed. This is further supported by the fact that his mother has an identical deletion and a shared phenotype. No identical deletions are described and/or phenotypically related in the Database of Genomic Variants or Decipher [MacDonald et al., 2014] . As previously mentioned, a similar overlapping 1.2-Mb deletion was described earlier in a 20-yearold female. Similarly, she did not have clinical features of Axenfeld-Rieger syndrome [Verhoeven et al., 2013] . All 3 patients share the loss of COL25A1 , SEC24B , CASP6 , PLA2G12A , CFI , GAR1 , RRH , and LRIT3 [Verhoeven et al., 2013] . The remaining genes in the first-described patient, EGF and ELOVL6 , were excluded from our reported deletion [Verhoeven et al., 2013] . Additionally, the proximal breakpoint junction in COL25A1 is different between families; our reported deletion falls within intron 32, whereas the prior reported was within intron 36 [Verhoeven et al., 2013] .
As described in table 1 , the 3 patients have a common physical and behavioral phenotype. The 20-year-old patient additionally has phenotypic features that are more severe and/or are not found in our family: mild intellectual disability with possible cognitive deterioration, and a more severe psychiatric illness with ritualistic behaviors and auditory hallucinations [Verhoeven et al., 2013] . She also had unique dysmorphisms not shared with our proband's mother, with deeply set eyes, a broad neck, and a low posterior hair line [Verhoeven et al., 2013] . On the other hand, she did not possess the short stature and short hands and palms found in our 2 patients.
COL25A1 and EGF were the 2 proposed candidate genes for the phenotype seen in the original patient [Verhoeven et al., 2013] . Logically, as the 3 patients' deletions are overlapped by a partial loss of COL25A1 , the abnormality of this gene may potentially be responsible for the 4q25 proximal deletion syndrome. The impact of the EGF deletion may contribute to the phenotype severity or may allow for complete penetrance.
COL25A1 , otherwise known as collagen XXV α1 (OMIM 61004), produces a membrane-bound collagen in neurons and has been implicated to play a role in mental health pathologies, including Alzheimer disease [Hashimoto et al., 2002] . Through 2 separate genome-wide association analyses, COL25A1 has been proposed as a candidate to influence the age of onset of schizophrenia and has been associated with the development of antisocial personality disorder in adults with substance abuse [Wang et al., 2011; Li et al., 2012] . The variability in mental health pathologies reported is consistent with the complex behavioral phenotype encountered in the 3 presently discussed patients. The shared hypotonia found in the 3 patients may also be due to the partial deletion of the COL25A1 gene, as COL25A1 is required for proper intramuscular motor intervention during early development, demonstrated by knockout mouse studies [Tanaka et al., 2014; Shinwari et al., 2015] .
EGF (OMIM 131530) encodes for a cleaved-product peptide hormone and plays a role in cell differentiation as well as ectodermal and mesodermal cell division [Urdea et al., 1983; Groenestege et al., 2007] . It has variable expression in human tissues, with high expression in the cerebrum and absent expression in the cerebellum [Groenestege et al., 2007] . Additionally, it has been suspected to be involved in the pathogenesis of schizophrenia in human patients and in animal models [Futamura et al., 2002] . In an unrelated study, a heterozygous carrier of an EGF mutation (C3209T) had a diagnosis of schizophrenia, whereas a patient with homozygous mutation (C3209T) developed primary hypomagnesemia [Groenestege et al., 2007] . Combining this information, one copy deletion of the gene may be implicated in mental illness, namely schizophrenia.
As proposed above, the loss of COL25A1 compounded with the loss of EGF may be contributing to the more severe phenotype of the 20-year-old woman. The studies of Groenestege et al. [2007] , Wang et al. [2011] , and Futamura et al. [2002] reveal there is support that combined loss of EGF and COL25A1 may act as a '2-hit' scenario, increasing the likelihood of schizophrenia. This combined effect may explain the 20-year-old patient's 'obsessive ritualistic behaviors… [and] vague ideas of reference and 'auditory hallucinations',' traits absent in our reported family [Verhoeven et al., 2013] .
The loss of the other genes shared by the 3 patients are less likely causative of their common presentation, especially since none have been associated with clinically related pathological changes or changes in heterozygous form. SEC24B (OMIM 607184) produces a protein that transports secretory proteins within cells and has been speculated to play a role in neural tube formation in humans [Yang et al., 2013] . In a knockout mouse model,
Casp6
-/-(OMIM 601532) mice were hypoactive and displayed learning deficits, and on autopsy had increased cortical volume and abnormal axonal growth through the corpus callosum [Uribe et al., 2012] . However, mice with a heterozygous deletion of the gene behaved similar to the wild type [Uribe et al., 2012] . CASP6 is otherwise involved in programmed axonal degeneration and is proposed to be involved the pathogenesis of Alzheimer disease and Huntington disease, clinically unrelated to our patients [Nikolaev et al., 2009; Uribe et al., 2012] .
PLA2G12A (OMIM 611652), a unique phospholipase expressed in multiple human tissues, has weak lipid hydrolase activity that may promote neurogenesis but thus far has only been associated with olfactory sensory structure genesis [Muñoz-Sanjuán and Brivanlou, 2005] . Haploinsufficiency of CFI (OMIM 217030), a serine proteinase modulator of the complement pathway, is a risk for the development of atypical hemolytic uremic syndrome [Caprioli et al., 2006] . It otherwise has been correlated with age-related macular degeneration [Seddon et al., 2013] . There is limited and unrelated information known on GAR1 (also NOLA1 ; OMIM 606468): it has been proposed as a nonvital component of H/ACA small nucleolar RNPs and telomerase in vivo [Dragon et al., 2000] . RRH (OMIM 605224) encodes for a G-protein-coupled receptor that has been localized solely to the retinal pigment epithelium [Sun et al., 1997] . Finally, LRIT-3 (OMIM 615004) is expressed in the brain and the eye, and has been implicated in complete congenital stationary night blindness in 2 different pedigrees with compound heterozygous mutations, but has not demonstrated effects on mental health [Kim et al., 2012; Zeitz et al., 2013] .
Most common recurrent genomic disorders are caused by nonallelic homologous recombination of low copy repeats or are caused by segmental duplications located at breakpoint junctions [Emanuel and Shaikh, 2001; Béna et al., 2010] . Due to the richness of these repeats, nested or distant deletions within a recurrent common large deletion have been associated with distinct syndromes, as found in deletions of 22q11.2 and 15q11.2 [Emanuel and Shaikh, 2001] . However, in the case of rare recurrent deletion/duplication, the mutated region may lack segmental duplications. Per the genome browser of the University of California Santa Cruz (UCSC; www.genome.ucsc. edu), the present deleted region has no segmental duplications. Instead, in our deletion, the junction breakpoints have simple tandem repeats. A similar type of repeat was identified in a rare recurrent 1.1-Mb 14q32.2 genomic deletion with large tandem repeats of [Béna et al., 2010] . This supports the notion that the mechanism behind rare recurrent genomic deletion/duplication is caused by simple tandem repeats and not by low copy number, and suggests a possible mechanism in this reported case.
Collectively, the 3 reported patients form a group of individuals with a novel inheritable 4q25 proximal deletion syndrome, sharing overlapping phenotypes likely attributed to the deletion of COL25A1 . Furthermore, deletion of a contiguous region that completely includes the EGF gene gives a related, more severe phenotype as seen in the 20-year-old patient. Overall, the 3 patients together are strongly suggestive of a haploinsufficient region and a 4q25 proximal deletion syndrome, characterized by distinct dysmorphic physical features, mild hypotonia, developmental delay, and social and behavioral difficulties.
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